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ABSTRACT: Combining market-proven silicon solar cell technology with
an eﬃcient wide band gap top cell into a tandem device is an attractive
approach to reduce the cost of photovoltaic systems. For this, perovskite
solar cells are promising high-eﬃciency top cell candidates, but their typical
device size (<0.2 cm2), is still far from standard industrial sizes. We present
a 1 cm2 near-infrared transparent perovskite solar cell with 14.5% steady-
state eﬃciency, as compared to 16.4% on 0.25 cm2. By mechanically
stacking these cells with silicon heterojunction cells, we experimentally
demonstrate a 4-terminal tandem measurement with a steady-state
eﬃciency of 25.2%, with a 0.25 cm2 top cell. The developed top cell
processing methods enable the fabrication of a 20.5% eﬃcient and 1.43 cm2
large monolithic perovskite/silicon heterojunction tandem solar cell,
featuring a rear-side textured bottom cell to increase its near-infrared
spectral response. Finally, we compare both tandem conﬁgurations to
identify eﬃciency-limiting factors and discuss the potential for further performance improvement.
The photovoltaic market has been dominated by wafer-based silicon technologies for several decades, thanksto their excellent reliability, high eﬃciencies, and
continued rapid reduction in manufacturing costs at the cell
and module level. As a result of low module costs, the balance-
of-system costs are now becoming the main contributors to the
overall photovoltaic system price, which must be further
reduced to keep improving the competitiveness of photo-
voltaics with other energy sources.1,2 Because most balance-of-
system costs scale with module area, they can eﬀectively be
reduced by increasing module eﬃciency. However, with record
eﬃciencies of up to 25.6%, wafer-based silicon solar cells are
already very close to their commonly accepted practical limit of
∼26%,3−5 such that new concepts have to be found to
signiﬁcantly further improve performance. One of the most
promising approaches lies in reducing thermalization losses by
utilizing a multijunction conﬁguration in which the silicon cell
is combined with a wide band gap cell. In a tandem device, the
wide band gap top cell harvests high-energy photons and
overlies a silicon bottom cell that absorbs low-energy photons.
This is why the amorphous silicon/crystalline silicon
heterojunction (SHJ) solar cell is a promising bottom cell
technology; it provides not only high overall performance but
also excellent spectral responsivity in the near-infrared spectral
region.6 Considering overall tandem performance, solar cells
based on III−V materials have been shown to be ideal
candidates for the top cell, with their high eﬃciencies and
appropriate wide band gap. Recently, mechanically stacked
InGaP/Si tandem cells were demonstrated with a total
eﬃciency of up to 29.8%.7 However, III−V materials still rely
on costly deposition methods, which limits their usage to niche
applications, such as space or concentrator photovoltaics.8
Organic−inorganic halide perovskite solar cells have recently
emerged as a low-cost alternative for top cells. In addition to
enabling high initial single-junction eﬃciencies of up to
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22.1%,9,10 organic−inorganic halide perovskite materials have
been shown to have excellent properties for tandem
applications, namely a steep absorption edge11 and a band
gap readily adjustable to the ideal value of 1.7−1.8 eV.12−14 As
a result, perovskite/silicon tandem cells are expected to have
the potential for high eﬃciencies beyond 30%.15−17
Multijunction solar cells can be made mainly with three
diﬀerent conﬁgurations: spectral splitting and mechanically
stacked or monolithically integrated tandems. With spectral
splitting, eﬃciencies up to 28% were demonstrated using an
opaque perovskite cell, a SHJ cell, and an optical system
designed to split the solar spectrum adequately on the two
subcells, which are processed and measured independently.18,19
However, this technique is sensitive to the light angular
distribution and cannot be considered suitable for ﬂat-plate
photovoltaic collectors. Flat-plate multijunctions can be realized
with 2- or 4-terminal tandem devices. The 4-terminal tandem
can be fabricated by mechanically stacking a near-infrared
(NIR)-transparent perovskite top cell onto a bottom cell. This
conﬁguration does not require a complex optical system while
still oﬀering a large degree of freedom concerning subcell
processing as well as device polarity. Also, a high performance
can be reached with a broad range of top cell band
gaps.15,16,20−23 Several groups have been working on this
conﬁguration, combining perovskite top cells with either silicon
or chalcogenide bottom cells,14,24−27 with reported eﬃciencies
of up to 23% on silicon.28 In parallel, the development of
monolithic tandem cells, where the top cell is directly grown
onto the bottom cell, has also seen a fast evolution, with
eﬃciencies increasing from 13.7%29 to 21.2%30,31 in just about
a year. This conﬁguration requires current matching and strict
process compatibility between the two subcell technologies,
making their manufacturing more challenging. Monolithic
tandems can, however, be more easily integrated in a
photovoltaic system, because of their 2-terminal design, which
requires only one junction box where a 4-terminal tandem
would need two. In addition, the monolithic design requires
fewer transparent electrodes in the device, leading to reduced
parasitic absorption.
However, despite these various reports on perovskite/silicon
tandem cells, a signiﬁcant performance gain compared to state-
of-the-art single-junction silicon devices is yet to be
demonstrated. Moreover, the reported semitransparent perov-
skite cells and perovskite-based mechanically stacked tandems
were mainly demonstrated on small cell areas, typically <0.2
cm2,14,24−27,30,31 despite the fact that the highest eﬃciency
reported for an opaque perovskite cell with 1 cm2 aperture area
was recently raised to 20.5%.32 Demonstrating tandem device
performance on >1 cm2 cell area is a necessary ﬁrst step toward
a potential future industrialization.
In this work, we demonstrate low-temperature planar NIR-
transparent perovskite solar cells with >1 cm2 aperture area and
initial eﬃciencies of up to 14.5%, and up to 16.4% with a cell
area of 0.25 cm2. These eﬃcient top cells allow us to
demonstrate a signiﬁcant performance gain in a mechanically
stacked 4-terminal perovskite/SHJ tandem measurement, with
total eﬃciencies of up to 23% and 25.2%, for 1.015 cm2 and
0.25 cm2 top cell aperture area, respectively. The same top cell
fabrication process was then used to fabricate perovskite/SHJ
monolithic tandems with 20.5% eﬃciency for >1 cm2 aperture
area, as compared to 19.2% previously reported.31 This
performance enhancement was made possible by introducing
Figure 1. NIR-transparent perovskite cells. Panels a and b show the layouts of planar perovskite cells with and without SnO2 in the electron
transport layer stack. Panel c presents AFM height maps and SEM images of perovskite layers grown with an ethanol-based methylammonium
iodide solution, annealed at 100 and 120 °C. SEM scale bars equal 500 nm, and AFM scale bars equal 1 μm. Panels d and e show J−V
characteristics of NIR-transparent planar perovskite cells with aperture area of 0.25 cm2 (without SnO2) and 1.015 cm
2 (with SnO2),
respectively. The insets show photographs as well as maximum power point tracking curves of these cells.
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rear-side texture on the SHJ bottom cell, increasing its near-
infrared response. On the basis of these results, we compare
both tandem conﬁgurations and discuss their potential for
further performance improvement.
During the processing of a perovskite/SHJ monolithic
tandem, the top cell is deposited directly onto the bottom
cell. Because of the degradation of SHJ cell performance above
200 °C, low perovskite deposition processes are strictly
required.2 In our previous work,31 we presented a hybrid
two-step deposition method which allowed us to fabricate
pinhole-free perovskite layers with low surface roughness, with
a device layout as shown in Figure 1b. A PbI2 layer was ﬁrst
deposited by thermal evaporation and then transformed to the
perovskite material by spin coating a solution of methylammo-
nium iodide dissolved in a mixture of isopropanol and 2-
methoxyethanol. However, the use of solvents with stronger
polarity, such as ethanol, was shown to be an eﬀective method
to yield smooth perovskite surfaces.33 In the present study, we
therefore replaced the isopropanol-based solution by ethanol
and increased the annealing temperature from 100 to 120 °C,
which helped us to make uniform large-area perovskite layers
with increased grain size of up to 500 nm, as shown by the
scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images in Figure 1c. From these AFM
images, a surface roughness of Rrms = 13.1 nm was obtained.
The electron transport layer was also optimized for larger cell
areas, by introducing a 20 nm thick sputtered SnO2 layer
between the front ITO and PEIE/PCBM layers, to enhance the
uniformity of the electron transport layer stack and reduce
possible shunt paths.
These improvements in ﬁlm quality and uniformity allowed
us to further improve the initial eﬃciency of our low-
temperature planar NIR-transparent perovskite solar cells to
16.4% and 14.5% for aperture areas of 0.25 cm2 and 1.015 cm2,
respectively. These initial steady-state eﬃciencies were
measured during maximum power point tracking for >8 min,
as shown in the insets to Figure 1d,e. Details on current−
voltage (J−V) characteristics are given in Table 1, including
forward (Jsc to Voc) and reverse (Voc to Jsc) scans. The eﬃciency
reduction when increasing the cell size is mainly attributed to a
lower ﬁll factor (FF), which decreased from ∼76% to ∼71%.
These FF losses can be explained by a higher series resistance in
the larger cell of 9 Ω cm2, as compared to 5.3 Ω cm2 for the
smaller one, obtained from ﬁtting the J−V curves. Additional
eﬀorts in metallization design and TCO deposition processes
will be needed to further improve FF and overall cell
performance of the 1 cm2 cell.
These NIR-transparent perovskite cells can directly be used
in 4-terminal tandems, where they act as the top cell,
mechanically stacked onto a SHJ bottom cell. Here, the
Table 1. Performance Overview for Single-Junction Silicon Heterojunction (SHJ) and NIR-Transparent Perovskite (PSC) Solar
Cells, as well as 4-Terminal Mechanically Stacked Tandem Measurements and the Perovskite/SHJ Monolithic Tandem with
Rear-Side Textured Bottom Cella
cell type cell area (cm2) scan direction Voc (mV) Jsc (mA/cm
2) FF (%) eﬀ. (%) Pmpp (mW/cm
2)
monolithic tandem 1.43 forward 1717 16.4 73.1 20.6 20.5
1.43 reverse 1718 16.4 70.0 19.7
PSC 1.015 forward 1057 19.3 71.6 14.6 14.5
1.015 reverse 1057 19.3 70.3 14.3
0.25 forward 1069 20.1 76.1 16.3 16.4
0.25 reverse 1072 20.1 74.9 16.1
SHJ, unﬁltered 4 − 718 38.7 79.4 22.05
SHJ, ﬁltered with 1 cm2 PSC 4 − 692 15.5 79.4 8.5
SHJ, ﬁltered with 0.25 cm2 PSC 4 693 15.98 79.5 8.8
4-terminal tandem measurement with SHJ and PSC, 1 cm2 23.0
4-terminal tandem measurement with SHJ and PSC, 0.25 cm2 25.2
a“Reverse” stands for a J−V scan from Voc to Jsc and “forward” for a scan from Jsc to Voc. Pmpp is the steady-state power extracted from maximum
power point tracking measurements. Antireﬂective foils36,37 were used for all measurements. A black background was placed on the rear side of
perovskite single-junction cells during J−V measurements.
Figure 2. 4-terminal mechanically stacked tandem: (a) schematic drawing of the tandem stack with a NIR-transparent perovskite top cell
illuminated through the glass substrate (superstrate conﬁguration) and a silicon heterojunction bottom cell; (b) EQE spectra and (c) J−V
characteristics of the mechanically stacked perovskite/SHJ tandem measurement with a 0.25 cm2 top cell and 25.2% total eﬃciency.
Corresponding graphs for the 23% tandem with 1 cm2 top cell can be found in Figure S2 in the Supporting Information.
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development of a low-temperature-processed perovskite cell
allows us to use ITO substrates, instead of the commonly used
low-mobility FTO,10,14 which is an absolute requirement to
minimize parasitic absorption in the near-infrared spectral
region because of free-carrier absorption.27 A schematic of this
tandem conﬁguration is given in Figure 2a. The top cell was
measured in superstrate conﬁguration, illuminated through the
glass substrate. An optical coupling liquid was used to optically
connect the two subcells and reduce reﬂection losses. Because
the two subcells used for these measurements had a
signiﬁcantly diﬀerent active area (4 cm2 for the silicon cell
and 0.25 cm2 or 1.015 cm2 for the perovskite cell), the tandem
measurement was carried out with a previously reported
method:27 First, the perovskite cell J−V characteristics and
external quantum eﬃciency (EQE) were measured independ-
ently from the silicon cell, using a black background to avoid
reﬂection and current overestimation. Then, the EQE of the
silicon cell was measured, while using the perovskite cell as an
optical ﬁlter. Because of the silicon cell front-side metallization,
a shadow losses factor (as deﬁned in the Supporting
Information) was used to correct the calculated current from
the EQE curve of the ﬁltered silicon cell. The resulting short-
circuit current density (Jsc) corresponds to the current that the
silicon cell would produce in the 4-terminal tandem
conﬁguration. Finally, the open-circuit voltage (Voc) and FF
of the silicon cell were obtained by adjusting the solar
simulator’s light intensity with neutral density ﬁlters to match
the EQE-measured Jsc. The 4-terminal tandem measurement
total eﬃciency is then equal to the sum of the NIR-transparent
perovskite top cell and ﬁltered SHJ bottom cell eﬃciencies.
Applying this characterization method and using the NIR-
transparent perovskite cells presented above and a SHJ cell with
an eﬃciency of 22%, a 4-terminal mechanically stacked tandem
was measured with a performance of up to 25.2% with the 0.25
cm2 perovskite cell and up to 23% with the 1.015 cm2
perovskite cell. More details on these results are presented in
Figure 2 and Table 1. These tandem measurements show an
eﬃciency improvement of 1−3%abs, as compared to the single-
junction silicon cell, depending on the top cell size. This is a
2.2%abs performance increase compared to the previous 4-
terminal perovskite/silicon tandem measurement record of
23% which had a 0.075 cm2 top cell.28 The experimental
demonstration of eﬃciencies beyond 25% with this tandem
conﬁguration also conﬁrms the potential of perovskite solar
cells to boost the performance of high-eﬃciency silicon
technology in tandem devices.
As mentioned above, monolithically integrated tandems are
technically more challenging to realize because of strict process
compatibility restrictions, also involving the requirement for a
bottom cell with a suﬃciently ﬂat front surface for solution-
processed top cells. Our previously reported monolithic
perovskite/SHJ tandem cell thus featured a double-side-
polished (DSP) bottom cell and reached eﬃciencies of up to
19.2% for a cell area of 1.2 cm2.31 A major limitation of this
device was the low spectral response at the silicon band edge
due to the polished SHJ rear side. We therefore introduce here
a single-side-textured (SST) SHJ bottom cell to enhance
Figure 3. Monolithic tandem solar cell: (a) schematic drawings of monolithic tandem devices without and with rear-side texture and the
corresponding SEM cross-section images for the front and rear side; (b) EQE spectra of monolithic tandem cells on double-side-polished
(DSP) or single-side-textured (SST) bottom cells, without antireﬂective foil; (c) J−V characteristics of a 1.43 cm2 monolithic tandem with
SST silicon bottom cell, where the inset shows a steady power output under maximum power point tracking; (d) EQE spectra of the same
tandem cell, measured with (solid lines) and without (dashed lines) antireﬂective foil.
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bottom cell current. Figure 3a provides schematic drawings of
monolithic tandems with DSP and SST bottom cells, the only
diﬀerence being the textured rear side. Details on the one-side
texturing process are given in the Supporting Information. The
improvement in spectral response is illustrated by Figure 3b,
showing a comparison EQE spectra for monolithic tandems
with DSP and SST bottom cells. We can observe that the rear-
side texture aﬀects the EQE spectra only at wavelength >1000
nm, as expected from the literature,23,34 enhancing the bottom
cell current density by 0.77 mA/cm2. This design upgrade of
our monolithic tandem enabled us to fabricate a cell with up to
20.5% initial steady-state eﬃciency. The cell was measured with
an aperture area of 1.43 cm2, and a microtextured antireﬂective
foil was used to attenuate the interference pattern, increasing Jsc
to 16.4 mA/cm2. The device was consequently current-limited
by the perovskite top cell, as shown by the tandem EQE curves
in Figure 3d. To further improve tandem performance, the
perovskite top cell will therefore need to generate a larger
current.
Light management is in any near-future research scenario
unarguably an essential topic in perovskite/silicon tandem
development. Because we used the same top cell for both
tandem conﬁgurations presented here, we can directly compare
the mechanically stacked and monolithic tandem cells in terms
of their parasitic absorption and light management require-
ments. The higher eﬃciency demonstrated here with the
mechanically stacked conﬁguration is directly linked to better
light trapping, no necessity for current matching, and a free
choice in top cell illumination direction. In this context, in a
monolithic tandem, the currently used perovskite top cell has to
be illuminated through the spiro-OMeTAD layer, leading to
severe parasitic absorption in the UV and visible spectrum.31
These losses become apparent from Figure 4, by comparing the
spectral response in the <400 nm wavelength range of both
tandem conﬁgurations. The mechanically stacked tandem
shows excellent performance in this spectral region, even
outperforming the SHJ single-junction cell, which itself suﬀers
from parasitic absorption in the amorphous silicon layers.
Overall, the perovskite top cell in the mechanically stacked
conﬁguration shows a Jsc 2.8 mA/cm
2 higher than that of the
top cell in the monolithic tandem. By recovering about a third
of these losses in the perovskite cell, the monolithic tandem
would become current-limited by the bottom cell, even for the
relatively thin perovskite cell used here. This clearly shows the
necessity of moving to a larger top cell band gap for optimal
monolithic tandem performance, which could be obtained by
changing the currently used composition for a mixed-cation/
halide perovskite material, as recently discussed by several
groups.10,14
The 4-terminal design of the mechanically stacked tandem,
however, has a disadvantage: the presence of the additional
transparent ITO contact in this conﬁguration leads to a
signiﬁcant increase in parasitic absorption losses in the 850−
1200 nm wavelength range due to free-carrier absorption.35 As
a result, the bottom cell current in the monolithic tandem,
which requires only a very thin IZO intermediate recombina-
tion layer, is 1.2 mA/cm2 higher. Further current gains in the
bottom cell of monolithic tandems are expected by replacing
IZO with a thin-ﬁlm silicon recombination layer.
Interestingly, in the 550−800 nm spectral region, where free-
carrier absorption in the transparent contacts is still negligibly
small, the bottom cell current of both tandem conﬁgurations is
nearly identical. This indicates that light transmission to the
bottom cell is not aﬀected by the absence or presence of a
front-side texture in the wafer or whether the perovskite cell is
separated from the SHJ cell by an optical coupling ﬁlm or
directly deposited on it.
The summed current of both subcells is 34.3 mA/cm2 and
35.9 mA/cm2 for the monolithic and mechanically stacked
conﬁguration, respectively, compared to 39.6 mA/cm2 (without
front-side metallization shadow losses) for the textured single-
junction SHJ cell, which is used for the 4-terminal tandem
measurements. This diﬀerence can partially be explained by
parasitic absorption losses in the MoOx layer used in the
tandem cell front electrode, which is induced by sputter damage
during the IO:H layer deposition. Such losses could be reduced
by using the more resilient and transparent WOx.
35
Reﬂection losses also contribute to the diﬀerence between
tandem and SHJ single-junction EQE spectra (Figure S3). By
replacing the rear-side textured wafer in the monolithic tandem
with a double-sided textured one, while keeping everything else
unchanged, we could expect to gain ∼2.6 mA/cm2, resulting in
a summed current of 36.9 mA/cm2. Such a double-sided
textured bottom cell would require the development of
conformal perovskite cell deposition processes for highly
textured substrates, which remains challenging. This calculation,
however, already shows that the parasitic absorption losses
discussed above are more important than reﬂection losses for
the monolithic tandem with SST bottom cell and antireﬂective
foil. Considering the integration of monolithic tandems into
glass−glass encapsulated modules, where the application of
such an antireﬂective foil is expected to be less eﬀective, the use
of a double-sided textured wafer would have a more
pronounced eﬀect on cell performance.
In summary, we demonstrated low-temperature NIR-trans-
parent perovskite cells with up to 16.4% and 14.5% initial
steady-state eﬃciencies for aperture areas of 0.25 cm2 and 1.015
cm2, respectively, obtained from maximum power point
tracking for several minutes. We applied these solar cells in a
mechanically stacked tandem conﬁguration with a SHJ bottom
cell and measured eﬃciencies of 23% and 25.2% with the 1.015
Figure 4. Comparison of EQE spectra from the 25.2% mechanically
stacked tandem, the 20.5% monolithic tandem with SST bottom
cell, and the 22% single-junction SHJ cell, which was also used as
bottom cell in the mechanically stacked tandem. These EQE
measurements were conducted using an antireﬂective foil.
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cm2 and 0.25 cm2 top cells, respectively. On the basis of the
same low-temperature cell fabrication process, we also
developed a monolithic perovskite/SHJ tandem solar cell
with a textured rear side. This led to an enhanced quantum
eﬃciency in the near-infrared, resulting in an eﬃciency of
20.5% for an aperture area of 1.43 cm2. By comparing parasitic
absorption and reﬂection losses in both tandem conﬁgurations,
we identiﬁed performance-limiting factors as well as the
potential for further eﬃciency improvement. The results
presented here thus represent a further step toward the
realization of large-area perovskite/silicon tandem solar cells
with eﬃciencies beyond the single-junction limit.
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